Two extracellular glucoamylases (EC 3.2.1.3), glucoamylase P and glucoamylase S, were purified to homogeneity from the culture medium of Hormoconis resinae (ATCC 20495; formerly Cl&sprium resinae) by a new method. Their apparent molecular masses (71 kDa glucoamylase P; 78 kDa glucoamylase S) and catalytic properties agreed well with those previously reported in the literature. Heat inactivation studies suggested that the high debranching (1,6-glycosidic) activity of glucoamylase P preparations (measured with pullulan) may reside in the same protein molecule as its l,&glycosidic activity (measured with soluble starch). Although glucoamylase S had virtually no debranching activity, it cross-reacted with polyclonal antibodies raised against glucoamylase P, and the two enzymes had very similar amino acid compositions. However, peptide mapping and amino-terminal sequencing studies of the peptides showed that the two enzymes have different sequences and must be encoded by different genes.
Introduction
Enzymes that degrade poly-and oligosaccharides are commercially important for the food and fermentation industries. Glucoamylases (1,4-glucan glucohydrolases ; EC 3.2.1 .3) release glucose units sequentially from the nonreducing end of polymeric carbohydrates. The ability of glucoamylases to hydrolyse 1,6-glycosidic bonds is called debranching activity and is of great importance in industrial processes requiring complete degradation of starch to glucose.
Glucoamylases are produced by a wide variety of micro-organisms (Manjunath et al., 1983) . Most of the known glucoamylases have very low activity towards 1,6-glycosidic bonds. The analytical measurement of debranching activity is not straightforward, since the activity of glucoamylases on substrates containing only 1,6-glycosidic bonds is usually quite low. To avoid this difficulty, substrates like pullulan (every third bond 1,6-glycosidic) are often used to estimate 1,6-hydrolysing activity. Many fungal glucoamylases have been reported to exist in multiple forms (Lineback & Bauman, 1970; Tsuboi et al., 1974; Yamasaki et al., 1977; Takahashi et al., 1978 Takahashi et al., , 1981 . In order to clone the appropriate gene it is essential to know if these multiple forms are coded by different genes, or if they are results of post-translational Abbreuiations : FMOC, 9-fluorenylmethoxycarbnyl ; OPA, ophthalaldehyde; PTH, phenylthiohydantoin. modification and/or different mRN A splicing (Hayashida et al., 1988 ; Ono et al., 1988) . For example, the two glucoamylases G1 and G2 produced by Aspergillus niger have identical amino-terminal sequences and peptide profiles but different carboxy-terminal sequences. According to Boel e? al. (1984) these two forms of the enzyme are products of two differently spliced mRNA molecules coded by the same gene, whereas Svensson et al. (1986) have pointed out that proteolytic modification also affects the multiplicity of this enzyme.
The fungus Hormoconis resinae (ATCC 20495; formerly Cladosporium resinae) has been reported to produce two forms of glucoamylase which exhibit different substrate specificities and have different molecular masses and PI values (McCleary & Anderson, 1980) . The smaller glucoamylase P has a very high debranching activity, while the larger glucoamylase S has virtually no debranching activity. In the present work, we examined whether the 1,4-and 1,6-glycosidic activities of glucoamylase P are both functions of a single protein, and, secondly, whether glucoamylase P and S are products of a single gene or of two distinct genes.
Purification ofglucoamylase. All steps were performed at 5 "C. Cells were sedimented by centrifugation at lOOOOg for 30 min, and the supernatant was diluted with an equal volume of 0.2 M-potassium phosphate, pH 7.5, containing 0.2 mM-EDTA and 2 mM-MgCl?. To this solution was added 250 g (NH,),SO, I-'. The supernatant obtained by centrifugation for 20 min at IOOOOg was diluted with 0.02 M-potassium phosphate, pH 7.5, containing 0.1 mM-EDTA and 1 mM-MgCI,! (buffer A) to give a final concentration of 200 g (NH,),SO, I -l , and then applied at 200 ml h-l to an Octyl-Sepharose CL4B (Pharmacia) column (5 x 26 cm) equilibrated with buffer A containing 200 g (NH,),SO, 1-I. Elution was performed with a linear gradient (1000 ml) from 200 g (NH4)*SO4 I-' in buffer A to buffer A alone at 160 ml h-l. Fractions of 1 I ml were collected. The fractions degrading starch or starch and pullulan were pooled separately and (NH,)$04 added at 450 g 1-I. The precipitate containing the enzyme was collected by centrifugation for 20 rnin at 1OOOOg.
The pullulan-degrading fraction was purified as follows. The (NH,)*SO, precipitate was dissolved in 10 ml 20 mM-potassium phosphate, pH 7.5 (buffer B), then loaded onto and eluted at 180 ml h-' from a Biogel P-30 (Bio-Rad) column (3 x 24cm) equilibrated with buffer B. The fractions (4.8 ml) containing activity were pooled and then applied to an Accell QMA (Waters Associates) FPLC anionexchange column (1 x 10 cm) equilibrated with buffer B. Elution was performed with a linear gradient of 0 to 0.3 M-NaCl in 80 ml buffer B Fractions capable of degrading both pullulan and starch were pooled, diluted with water to less than 30 mM-NaC1, and applied to a Mono-P column (0.5 x 20 cm; Pharmacia). The column was equilibrated with 25 mM-Bistris/HCl, pH 6.3, and eluted at 30 ml h-I with a mixture of 5 ml PB-74,1 ml Pharmolyte pH 2-5-5 (Pharmacia) and 100 ml25 mMBistris/HCl, pH 6.3, adjusted to pH 3.0 with HCI. To elevate the pH of the eluant immediately fractions of 0-5 ml were collected into 0.2 ml 0-5 M-Tris/HCI, pH 6.8, except for analytical runs where the pH was monitored. Fractions containing the pullulan/starch-degrading activity were pooled, concentrated fivefold with Centricon 30 microconcentrators (Amicon), and 500 pl portions chromatographed on a Superose-12 column (1 x 30 cm; Pharmacia) equilibrated with 0.05 M-potassium phosphate, pH 6.5, containing 0.15 M-NaC1, and eluted at 25 ml h-'.
The Octyl-Sepharose fraction that degraded only starch was purified -as follows. The (NH4)2S0, precipitate was dissolved in 11 ml buffer B and chromatographed on a Biogel P-30 column as above. Fractions containing activity were pooled and chromatographed on an Accell QMA anion-exchange column as above. Fractions containing starchdegrading activity were pooled, diluted with water to 30 m-NaC1 and applied to an FPLC Mono-Q column (0.5 x 5 cm; Pharmacia) qd4b&t.ed4 with 20 mM-ammonium acetate, pH 6-3. Elution was performed at 60 ml h ' * w"&a&@3 M-NaCl gradient in 30 ml20 mMammonium acetate, pH 6.3. Fractions of -%&Zml. were collected.
Fractions containing starch-degrading activity were diluted tw W&M-NaCl, chromatographed on Mono-P, concentrated, and run on Superose 12 as above.
Purified preparations were stored at -20 "C.
Amino acid composition. Protein samples in 50 mM-potassium phosphate, pH 6.5, containing 0.1 5 M-NaCI were hydrolysed with either 6 M-HCI (1 10 "C, 24 h and 72 h) or 3 M-mercaptoethanesulphonic acid (1 10 "C, 24 h) (Penke et al., 1974; Reeck, 1987) .
Amino acids were separated either by HPLC (Varian Vista 5000 LL and AminoTag column) and quantified as FMOC derivatives (Varian Fluorichrom detector) (Einarsson et al., 1983) , or by using a Korrtron Liquimat 111 amino acid analyser equipped with an Interaction AA-511 column and Pierce Buffelute buffers and quantified as OPA derivatives Peptidc mapping by HPLC. Protein samples (50-100 pg) containing glucoamylase P or S activity were digested with lysylendopeptidase C (Wako Chemicals) in 70 mM-Tris/HCl, pH 9.0, at 37 "C with 404 (w/w) of the protease for 20 h. Trypsin (TPCK-treated, Sigma) digestions were performed by incubating similar samples at 37 "C for 2 h with 3"" (w/w) trypsin in the presence of 1 % (w/v) ammonium bicarbonate and then with a further 2% (w/w) trypsin for about 18 h
The peptides were separated on a Vydac 218 TP B5 reverse-phase column (0-46 x 25 cm, The Sep/a/ra/tions Group, Hesperia, California, USA) using a Waters HPLC apparatus. Elution was performed at 1 ml min-l with a linear gradient from 0.1 % trifluoroacetic acid (TFA) to 60% (v/v) acetonitrile containing 0-050/, TFA in 60 min at 30 "C. Absorbance at 218 nm was measured.
Amino acid sequencing. Amino-terminal sequencing of the proteins and peptides was done by degrading them in a gas-pulsed-liquid-phase sequencer (Kalkkinen & Tilgmann, 1988) . The released PTH-amino acids were analysed on-line by using narrow-bore reverse-phase HPLC Production and pur$cation of glucoamylase P antibodies. Antibodies against purified glucoamylase P were raised in rabbits. Samples of 50 pg protein in 0.2 M-NaCl were emulsified with equal volumes of Freund's complete adjuvant and injected intradermally Four addttional doses of 50 pg protein emulsified with Freud's incomplete adjuvant were given at 2 week intervals. The rabbits were bled by cardiac puncture 7-12 d after the last booster injection The antisera were purified by affinity chromatography on a calumn of Sepharose 4B (Pharmacia) that contained covalently linked purified glucoamylase P. The protein was coupled to Sepharose 4B by cyanogen bromide according to Axen et al. (1967) . Low-affinity antibodies were eluted with 0.1 M-sodium acetate, pH 4.5. High-affinity antibodies were eluted with 0.1 M-glycine, pH 3.0. Fractions (1 ml) were collected in tubes containing 35 pl 1 M-Tris base. The purified antibody solution was adjusted to pH 7.5 and stored at -20 "C. -, (NH&S04 gradient. S-pool and P-pool show fractions combined to purify glucoamylases S and P, respectively. A relative activity of 100% corresponds to 1.32 U ml-l. Table 1 . Purijication of glucoamylase P and glucoamylase S Activities were measured as described in Methods. The penultimate column shows the activity towards pullulan as a percentage of that towards starch. The recovery of glucoamylase P was calculated from the activity towards pullulan. That of glucoamylase S is based on the activity towards starch and the calculation that, for the example shown, glucoamylase P is responsible for 28% of this activity in the growth medium (see text). Zmmunodiflusion. Glass plates covered with 0.8 % (w/v) low-meltingpoint agarose (Bethesda Research Laboratories) in 50 mM-potassium phosphate, pH 7.0, containing 150 mM-NaC1 were used. After 4 d of diffusion at room temperature, the plates were soaked in buffer for 10 min and dried under a stack of filter papers for 10 min. This was repeated three times. Dry plates were stained with 1 % (w/v) amido black in 2% (v/v) acetic acid for 30min. The stained plates were destained with 2% (v/v) acetic acid.
Electrophoresis.
Polyacrylamide slab gels (6-1 3 %) containing 0.1 % SDS were used and stained with Coomassie Brilliant Blue as described by Laemmli (1970).
Protein concentrations. The method of Bradford (1976) was used with y-globulin as standard. Turbid protein samples, such as the growth medium, were first precipitated with perchloric acid. Proteins being eluted from the chromatographic columns were monitored at 280 nm.
Chemicals. Pullulan was from Sigma and Zulkowsky starch from Merck. Partially purified Aspergillus niger and Rhizopus delemar glucoamylases were from Sigma.
The purification procedures are summarized in Table 1 . The Octyl-Sepharose column separated the starch-(glucoamylase S) and pullulan/starc h-(glucoamylase P) degrading activities (Fig. 1) . The Accell QMA step gave a relatively large purification of both enzymes. A small polypeptide (about 32 kDa) still present in glucoamylase P preparations after the Mono P column was removed by Fig. 2 . SDS-PAGE analysis of the glucoamylases. Growth medium (Medium), purified glucoamylases P and S before (GA-P, GA-S) and after (GA-P/Endo H, GA-S/Endo H) treatment with endoglycosidase H and molecular mass standards [St : myosin (200 kDa), P-galactosidase (1 16 kDa), phosphorylase (94 kDa), bovine serum albumin (68 kDa), ovalbumin (43 kDa), lactate dehydrogenase (35 kDa), triosephosphate isomerase (26.5 kDa), myoglobin (1 7.2 kDa) and cytochrome c (1 1 a7 kDa)] were run on a 6-13% polyacrylamide slab gel and stained with Coomassie Brilliant Blue as described in the text. gel exclusion chromatography on Superose 12. The ratio of activities towards pullulan and starch changed by only a few percent during the 15-fold purification of glucoamylase P from the Octyl-Sepharose P-pool, and was constant through the last two purification steps. Residual debranching activity in the S-pool from Octyl-Sepharose was mostly removed by the Accell QMA, Mono Q and Mono P columns. The final step (Superose 12) caused no further change in the proportion of debranching activity (1 %) but caused a 25% increase in specific activity and Fig. 3 . Temperature dependence of glucoamylase P activity. Samples of 50 p1 enzyme protein solution were incubated at different temperatures with 0.5% substrate in the presence of 100 mM-sodium acetate, pH 4.3, containing 0.2 mg bovine serum albumin ml-l. At suitable times (the same for starch as for pullulan at each temperature) samples were withdrawn and assayed for released glucose as described in Methods. The activity of starch degradation at 60 "C (1 1.2 U ml-l) was taken as 100% relative activity. The activities with pullulan ( 0 ) or starch (0) as substrate, and their ratio (pullulan x 100/starch) u) are shown.
removed the polybuffer components from the preparation. The purified preparations were both stable at -20 "C for at least a year.
The recovery of glucoamylase P was 22% calculated from the total pullulan-degrading activity, and the purification was 27-fold (Table 1 ). The recovery of glucoamylase S could not be calculated from the total starch-degrading activity of the growth medium, because glucoamylase P also degrades starch. The contribution of glucoamylase P was calculated on the basis that the activity of purified glucoamylase P towards starch was 1.43 times its activity towards pullulan, whereas purified glucoamylase S had negligible activity towards pullulan. On this basis, recovery of glucoamylase S was 14% with a purification of ninefold (Table 1) . Both enzymes appeared homogeneous on SDS-PAGE, and had apparent molecular masses of 71 kDa (glucoamylase P) and 78 kDa (glucoamylase S) (Fig. 2) . The deglycosylated proteins showed apparent molecular masses of 63 kDa and 71 kDa respectively, giving an apparent glycosylation of 11 % for glucoamylase P and 9% for glucoamylase S. Analytical runs on Superose 12 gave apparent molecular masses of 72 kDa (glucoamylase P) and 81 kDa (glucoamylase S) for the native proteins (results not shown). The isoelectric points obtained from the chromatofocusing experiments (not shown) were 3-8 for glucoamylase P and 4.1 for glucoamylase S.
The pH optimum for both enzymes was broad at 30 "C with maximum activity between pH 3.5 and 4.6 (results not shown). The temperature dependence of the activities of glucoamylase P is shown in Fig. 3 . Fig. 4 . Thermal inactivation of glucoamylase P. Three samples of 1080 p1 of purified enzyme protein were incubated at 30 "C, 56 "C and 60 "C, respectively, in 50 mwpotassium phosphate, pH 6.5. At suitable times, samples of 50 yl were withdrawn and assayed at 37 "C with pullulan or starch as described in Methods. A relative activity of 100% corresponds to 0.9 U ml-l for starch-degrading activity and 0-5 U ml-1 for pullulan-degrading activity. 0 , Pullulan as substrate; 0, starch as Substrate. Fig. 4 shows the thermal inactivation of purified glucoamylase P at 30 "C, 56 "C and 60 "C (pH 63) with both pullulan and starch as substrates. Identical thermal inactivation profiles were obtained for the two substrates.
The amino acid compositions of the two enzymes were very similar (Table 2) . Antibodies raised in rabbits against glucoamylase P and purified by binding to immobilized glucoamylase P gave a precipitation band with glucoamylase P, but also with glucoamylase S when the latter was used in at least three times greater amounts than those of the glucoamylase P (results not shown). No precipitation bands were found when the H . resinae glucoamylases were substituted by commercial preparations of glucoamylases from Aspergillus niger and Rhizopus delemar even in excess.
Many attempts were made to digest glucoamylases P and S with yeast carboxypeptidase Y, but no amino acids were released. Both nonalkylated samples (in 5 M-urea) and alkylated (Friedman et al., 1970; Fullmer, 1984) samples were treated with carboxypeptidase for various times and then derivatized with Dabs-Cl (Chang et al., 1983) before amino acid analysis. Under identical conditions, the correct carboxy-terminal sequence (-Leu/Gly-Phe-Gln-Gly-OH) was obtained for equine skeletal muscle myoglobin.
Different peptide maps were obtained from glucoamylase P and S, respectively, after digestion with either lysylendopeptidase C (Fig. 5) or trypsin (results not  shown) .
The amino-terminal sequences of the native proteins were distinct, but showed 59% identity in the first 22 residues (Table 3) Peptide profiles of (a) glucoamylase P and (6) glucoamylase S digested with lysylendopeptidase C. Protein samples were digested with lysylendopeptidase C and the resulting peptides were separated by reverse-phase HPLC as described in Methods. Peptides were monitored at 218 nm.
from each enzyme) were also found that had distinct but similar amino-terminal sequences: S lys-C 28.1 and P trypsin 21.4 (78% identity over 27 amino acids); S lys-C 32.2 and P trypsin 35.0 (50% identity over 20 amino acids); S trypsin 26.0 and P lys-C 3943 (63% identity over 8 amino acids); S trypsin 23.9 and P trypsin 20.1 (80% Table 3 . Amino acid sequence of the N-terminus and N-terminal peptide sequences from glucoamylase P and glucoamylase S Amino-terminal sequences of native glucoamylases P and S as well as peptides isolated by HPLC from trypsin and lysylendopeptidase digests were performed with a gas-phase sequencer as described in Methods. Peptides are numbered according to their appearance time in the peptide maps. Lys-C, lysylendopeptidase C; GA-'P, glucoamylase P; GA-S, glucoamylase S; x, not determined. identity over 10 amino acids); S trypsin 42.6 and P lys-C 30.5 (86% identity over 7 amino acids) and S trypsin 16.7 and P trypsin 11.0 (57% identity over 7 amino acids) ( Table 3) .
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Discussion
The separation of glucoamylase P and S by hydrophobic interaction chromatography is effective, and also convenient because it can easily be scaled up for commercial-scale purification. The optimal ratio of 1,6-to 1,4-glucosidic activity (as well as other amylolytic activities) in starch degradation depends greatly on the process and substrate used (Labout, 1985; Kennedy et al., 1988) . Hence, large-scale purification of glucoamylase P may be important, if the debranching activity is to be used efficiently in industrial processes. The apparent molecular masses (glucoamylase P, 71 kDa; glucoamylase S, 78 kDa) estimated by SDS-PAGE were only slightly different from the values reported by McCleary & Anderson (1980) (70 kDa and 82 kDa, respectively), and the specific activities were also similar. The molecular masses of the native proteins estimated by gel exclusion chromatography indicate that both enzymes are monomeric in their native states.
The activity ratio of glucoamylase P towards pullulan compared to starch decreased when the temperature was increased (Fig. 3) . This behaviour could result from a stabilization of glucoamylase P by the higher concentration of non-reducing end-groups in starch compared to pullulan, as proposed by McCleary & Anderson (1 980).
The identical thermal inactivations of the two activities in glucoamylase P (Fig. 4) makes the presence of two enzymes in the preparation very unlikely.
A covalently blocked carboxy-terminus could be responsible for the failure of carboxypeptidase Y to release amino acids from glucoamylase P and glucoamylase S. Another possibility could be that the carboxyterminal sequence is inaccessible to carboxypeptidase Y even in the presence of 5 M-urea.
The peptide maps of glucoamylases P and S showed large differences, but amino acid sequences of some of the corresponding peptides had high identity. Whereas the high percentage identity seems to indicate a homology between the two enzymes, the differences between the highly similar sequences, especially between the amino-terminal sequences of the proteins, shows that they must be coded by different mRNA species. A combination of intron splicing and post-translational modification is very unlikely, because so many splicing events would be required to generate the widely scattered sequence differences observed. This is also supported by the larger amount of proline and alanine in the smaller glucoamylase P compared to the larger glucoamylase S. Thus, the two enzymes must be encoded by distinct genes.
The cross-reactivity of the glucoamylase P polyclonal antibodies with glucoamylase S indicates some similar antigenic determinants in either the carbohydrate or protein portions of the two enzymes.
Putative homologies between various sequenced glucoamylases have recently been described (Tanaka et al., 1986; Itoh et al., 1987) . There seem-to be five distinct regions (Sl to S5) of high homology in glucoamylases. Sequences similar to parts of the S1 consensus sequence (G---AS-S---PDY-Y-W-RD----) are found (Table 3) in the peptides GA-S trypsin 42.6 (PDYFY) and GA-P lys-C 30.5 (PDYFYTWSRD). Sequences similar to parts of the S2 consensus sequence (LG-PK-N-D----T--WGRPQ-DGPA-R---) are found in the peptides GA-S lys-C 28.1 (TGSWGRPQRDGPALR) and GA-P trypsin 21-4 (WGRPQ).
Further sequencing is necessary in order to find the overall homology to other glucoamylases, as well as the homology of glucoamylases P and S.
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